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Abstract 
Quartz crystal microbalance (QCM) modified with graphene has been fabricated using solution drop-coating method 
and used for the detection of formaldehyde. Measurement was based on frequency shifts due to the adsorption of 
vapor at the surface of modified electrode. It was found that frequency shifts were linear to the concentrations of 
analytes in the range of 10 and 100ppm with the correlation coefficients of above 0.996. The influence of humidity on 
the sensor was also examined. Results showed that the humidity effects were innegligible. 
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1. Introduction 
Graphene is the most recent member of the multi-dimensional carbon-nanomaterial family, starting 
with fullerenes as a 0-D material, SWCNTs as 1-D nanomaterials, and ending with graphite as a 3-D 
material. Graphene fills the gap for 2-D carbon nanomaterials. Since graphene was achieved, fundamental 
research and research on applications have increased rapidly, for its exceptional thermal, mechanical, and 
electrical properties [1-5]. In particular, chemical and biological sensors based on graphene technologies 
have advanced rapidly owing to the high stability of the material [4-7]. Sensors using graphene or 
graphene oxide have been developed for the electrochemical detection, single-layer graphene field-effect 
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transistors, and atomistic dust detectors. In general, graphene has a large surface area, excellent 
conductivity, and strong mechanical strength. 
Quartz crystal microbalance (QCM) has been extensively studied used as chemical sensor, due to its 
small volume, simple device and high mass sensitivity [8, 9]. QCM measurement technique is based on 
frequency shift of quartz oscillation under molecules adsorbed onto quartz surface. The relationship 
between the frequency change of QCM and adsorption of mass follows the Sauerbrey's equation [10]: 
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Δ×−=Δ − 261026.2                                                                                                   (1) 
where △f (Hz) is the frequency change, f (Hz) is the fundamental frequency, △m(g) is the mass 
change, and A(cm2) is the sensing surface area.  
Formaldehyde (HCHO) is a naturally occurring biological compound that is present in tissues, cells, 
and bodily fluids, and the inhaled formaldehyde might induce various forms of distant-site toxicity [11, 
12]. So it is very important to develop simple, sensitive, and accurate methods for detecting formaldehyde 
in both industrial and residential environments. Adsorption of formaldehyde molecule on the intrinsic and 
doped graphene using a first principle theory has been great reported [13, 14]. The present study develops 
a novel simplified process for fabrication of a graphene-based sensing device, and its characterization for 
vapor detection was detailed investigated. The results show that a grapheme modified QCM exhibits great 
potentialities for trace detection of HCHO.  
2. Experimental 
Graphene/DMF suspension used in experiments was purchased from Sinocarbon Materials 
Technology Co., Ltd, China, and the concentration was 0.3mg/ml. AT-cut 8MHz quartz crystals with 
gold electrodes on both sides were used. Films deposition has been performed by means of drop-coating 
with a glass capillary. The coated QCM was baked at 50°C for 1 h to obtain stable films. The procedure 
was repeated until a desired thickness was reached, which would cause about 1600–5600Hz decreases of 
the QCM frequency. All measurements were carried out in glassware with an internal volume of 25 ml as 
shown in Fig.1. The QCM apparatus used for the frequency measurements was previously described [15].  
In operation, standard HCHO (100 ppm) and nitrogen gas (99.9%) were used. The experimental setup 
generated standard HCHO at different concentrations in a continuous flow system for mixing HCHO with 
N2. The dilution factor was controlled through adjusting the flow rates of both vapor stream and the 
carrier gas by flow controllers. The total flow rate during gas exposure testing was maintained at 1L min−1. 
All measurements were carried out at room temperature. 
 
      
Fig. 1. Schematic of measurement system                                          Fig. 2. SEM image of the graphene film 
3. Results and discussion 
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3.1. . The morphology of  the coated film
The surface morphology and microstructure of graphene-QCM sensor are examined by scanning 
electron microscopy (SEM) (JEOL JSM-6460, 25 kV) and Energy Dispersive Spectrometer (EDS) (Inca 
Energy, Oxford). Fig.2 shows SEM picture of the graphene boundary on an electrode as used for 
frequency measurements. It can be clearly distinguished between regions with flakes and regions of 
electrodes (region 3), and the mole proportions of C were 53.02% (region 1), 59.53% (region2) and 
18.32% (region 3), respectively.  
3.2. Gas Sensitivity to HCHO vapor 
After the deposition of graphene film (caused 3000Hz frequency shift) on QCM, the resonant 
frequency of sensor was measured. The real-time measurement of graphene coated device for different 
concentration of HCHO vapor varied from 10 to 100 ppm in N2 is shown in Fig.3. After each exposure, 
the device was purged with pure N2 to allow the sensor to return to initial condition. The response was 
recorded until the signal variation was less than 1 Hz/min for at least three successive minutes (as shown 
in Fig. 4). The frequency of the sensor decreased due to the adsorption of HCHO to the graphene 
modified electrode according to Eq. (1). It is obvious that as the concentration of the analyte increased, 
the magnitude of response was also increased. 
 
       
Fig. 3. Real-time frequency shift measurement of a graphene              Fig. 4 . The stability level of the graphene-QCM sensor. 
-QCM sensor for different concentration of HCHO 
It exhibits good and fast response, and excellent reversibility. In spite of the various concentration of 
HCHO vapor, the response times of HCHO vapor detection are almost the same as about 40s. The 
response time is defined as the time taken for the relative frequency shift change to reach 90% of the 
steady-state value. But with the concentration increased, the recovery time was extended from 65s to 200s. 
The average recovery time is about 100s. 
There are reports using density functional theory (DFT) which describe the adsorption of HCHO gas 
on graphene [12, 13]. It has been shown that three unique orientations and locations for physisorbed 
HCHO on an ideal graphene surface is possible. The adsorption of HCHO onto graphene is very weak 
with binding energies of <0.1 eV and the HCHO molecule is found floating above the graphene sheet at 
about 3Å. 
Furthermore, Fig. 3 shows that the frequency of all graphene-coated QCM sensors can return to the 
original value after desorption processes. The reason is ascribed to the relatively weak van der Waals 
interaction between HCHO molecules and graphene films. There is no evidence of formation of chemical 
bonds between the HCHO molecule and the graphene, and adsorption of HCHO does not result in any 
significant structural distortion in the graphene [13]. 
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The calibration curve is shown in Fig. 5 by plotting the frequency shifts against the concentration of 
graphene vapor. The data points were frequency shifts from frequency at the end of each purge cycle up 
to the end of the following gas exposure. As it can be seen that, a remarkable correlation 
(y=0.733x+9.4135, R=0.9967) was found between frequency shifts and vapor concentrations, which 
demonstrates that the response of the sensor is linear to vapor concentration.  
 
            
Fig.5. Response of a graphene-QCM sensor for                                   Fig.6. Reproducibility of the graphene-QCM sensor  
HCHO vapor detection                                                                         exposed to 80ppm HCHO      
One of the most important requirements of a gas detector is reproducibility. To investigate the 
reproducibility of sensor response, we tried to prepare a set of comparable sensors, but the discrepancies 
were somewhat significant. The QCM sensor with frequency shift 1600Hz after graphene coated was 
exposed to a repeated cycling of HCHO (80 ppm) and the responses were recorded (Fig.6). It was found 
the sensor showed similar results on repetition, there was no sign of deterioration in the sensitivity. It 
should be noted that the spikes in Fig. 5 are caused by the stop of the gas flow [15].    
3.3. . Influence of humidity
The influence of humidity on the frequency shift of QCM sensor was examined. Fig. 7 shows the 
frequency shifts of graphene coated QCM sensor at 65% relative humidity for 3 times. It can be found 
that the sensor was strongly influenced from relative humidity. There are two different types of charge 
transfer mechanisms when molecules adsorb on graphene [16]. The different molecule structure of 
HCHO and H2O induced different charge transfer mechanisms when adsorbed on graphene. 
 
 
Fig.7. Frequency shift of a graphene-QCM sensor exposed to 65%RH 
In order to construct a sensor based on this observation, a number of factors should be investigated and 
optimized. It is obvious that the graphene thickness would affect the sensitivity. Further experiments were 
carried out to examine the effect. The frequency responses of the sensor having different amounts of 
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graphene were recorded upon exposure to a constant HCHO vapor concentration of 80ppm and 65% RH. 
It was found that as the coating thickness increased, the magnitude of the frequency shift was increased at 
65% RH, but it was almost invariable with 80ppm HCHO vapor. The above results suggested that the 
humidity effects were innegligible and the sensor was more suitable for trace detection. Therefore, the 
humidity sensor was needed as feedback source of gas sensor for canceling the interference in the future. 
4.  Conclusions 
Novel QCM-type sensor coated with graphene was achieved. The sensor was constructed based on 
piezoelectric quartz crystals coated with a thin layer of graphene to detect HCHO. The graphene sensor 
shows certain frequency changes when exposed to various concentrations of HCHO. It was found 
frequency shift versus concentration change of analyte exhibits perfect linear correlation. The response 
time of the sensor is about 40s. The device performance opens potential way for analyzing HCHO. 
Although there were performed experiments on different kinds of sensing aspects, it is necessary to 
investigate more different sensing experiments for improving their sensor characteristics. The work to 
increase sensitivity and eliminate the humidity effect as well as making sets of sensitive layers for the 
specific practical targets is underway currently.  
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